Background：The complexity of hepatic hilar anatomy is an obstacle to precise diagnosis of 2
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The necessity for reconstruction of the artery or the portal vein was first assessed by 3 3D imaging. If the vessels that needed to be preserved were close to the tumor, tumor 4 involvement was evaluated on the 2DCT images. Absence of fat density around the vessel 5 was regarded as a sign of vascular invasion, and reconstruction was planned using the 3D 6 image. Figure 4 shows a case of intrahepatic cholangiocarcinoma in the left lobe that 7 necessitated both arterial and portal vein reconstruction. The 3D image shows the right 8 hepatic artery and the bifurcation of the portal vein were involved by the tumor (Figure 4a) . 9
The planning of vascular reconstruction was done with the 3D image, and it was properly 10 carried out (Figure 4b , please see Video 2 as well). 11
12

Histological evaluation 13
Histological involvement of cancer cells on the proximal bile duct stump was evaluated by 14 intra-operative frozen section examination in all cases. When carcinoma in situ (CIS) or 15 invasive cancer (IC) was observed, additional resection of the bile duct with or without 16 parenchymal resection was considered. Histological involvement of the proximal bile duct 
Statistical analysis 4
All statistical analyses were performed using SAS software (JMP 11.0.1; SAS 5 Institute Inc). Continuous variables were expressed as mean values±standard division or 6 medians with ranges, and compared using Student T-tests. Categorical variables were 7 compared using chi-square tests. A P-value less than 0.05 was considered statistically 8 significant. 9
Results 11
Patients' and tumor characteristics 12
Characteristics of the patients who underwent 3DCT cholangiography were 13 summarized in 
13
In 96 examinations, the maximum order of the visualized biliary branch on 3D 1 cholangiography was the second-order in 1, the third-order in 8, the fourth-order in 17, the 2 fifth-order in 48, and the sixth-order in 22 examinations. The median was the fifth-order, and 3 there was no significant difference between CO 2 and radiopaque contrast media examinations. 4 5
Adverse effects 6
All patients tolerated CT cholangiography without serious complications. Three 7 patients had mild elevations of liver enzymes. One patient undergoing CO 2 cholangiography 8 developed cholangitis requiring antibiotic therapy. 9 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14
Vascular reconstruction 1
In 49 patients who underwent MHR+BDR or MHR+PD, portal vein reconstruction 2 was potentially required on preoperative evaluation in 18 patients. All of these 18 patients 3 underwent portal vein reconstruction, and 14 (78%) had histologically proven portal vein 4 involvement. One patient required unexpected portal vein reconstruction because of severe 5 adhesions induced by periductal inflammation. As for the necessity for portal vein 6 reconstruction, the sensitivity, specificity, and accuracy of preoperative examination were 7 95%, 100%, and 98%, respectively. 8
With respect to arterial invasion, 6 patients were preoperatively diagnosed as having 9 arterial invasion. Of these 6 patients, 5 (83%) actually required arterial reconstruction, and 3 10 (50%) had histologically proven arterial involvement. Two patients required arterial 11 reconstruction contrary to preoperative examinations. However, histopathological 12 examinations revealed no arterial involvement in these patients. As a result, the sensitivity, 13 specificity and accuracy of preoperative examinations for arterial reconstruction were 71%, 14 98%, and 94%, respectively. 15 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 16
To explore the impact of preoperative 3D evaluation on operative planning and 1 outcomes, our cases who underwent MHR+BDR or MHR+PD before the introduction of 3D 2 cholangiography (from January 2004 to August 2009: n=69) were reviewed, and patients' 3 characteristics, tumor factors, and operative outcomes were compared between the present 4 series and the historical cohort (Table 2 ). In the historical control group, the type of liver 5 resection was right hemihepatectomy in 23 patients (33%), left hemihepatectomy in 22 6 patients (32%), right trisectionectomy in 14 patients (20%), and left trisectionectomy in 10 7 patients (14%). A non-significant downward trend in right trisectionectomy was evident after 8 the introduction of 3D cholangiography (20% vs. 8%). 9 MHR+PD, portal vein reconstruction, and arterial reconstruction were performed in 10 7 patients (10%) each. A significant difference was observed in the ratio of patients 11 undergoing portal vein reconstruction (p=0.0002). 12
Histopathological evaluation of the bile duct stump on the first cutting was NM in 13 51 patients (74%), CIS in 4 patients (6%), and IC in 14 patients (20%). Additional resection 14 was performed in 15 patients (3 patients with CIS and 12 patients with IC), and NM was 15 obtained in 12 patients. One patient with IC on the first cutting had CIS after the additional 16 resection. Eventually, histological evaluation of the bile duct stump was NM in 61 patients 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 (88%), CIS in 3 patients (4%), and IC in 5 patients (7%). The invasive cancer-free rate on the 1 first cutting was significantly better in the present series (p= 0.02), although the difference 2 diminished after additional resections. In the historical control patients who obtained NM of 3 the bile duct stump, thirteen patients resulted in R1 resection because of positive margin of 4 the dissection plane in 9 patients, IC and CIS of bile duct stump by permanent pathological 5 examination in 1 patient, positive margin of portal vein cut end in one patient and distant 6 lymph node metastasis in 1 patient. As a result, R0 resection was achieved in 48 patients 7 (70%). Although not statistically different, there was upward trend in the rate of R0 resection 8 in the present series (70% vs. 86%). 9
10
Anatomical variations identified by all-in-one 3D images 11
Significant anatomical variations for biliary surgery were identified by all-in-one 12 3D images. Figure 6a shows an infraportal bile duct branch of the Spiegel lobe, which 13 hampers en bloc resection during right hemihepatectomy with caudate lobectomy unless the 14 portal vein is transected and anastomosed (please see Video 3a as well). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 18 whereas A7 runs supraportally (please see Video 3c as well). This variation is potentially 1 dangerous during left trisectionectomy, since, without recognizing this variation, A7 may be 2 mistaken for the right anterior branch and be transected. Figure 6d 
For biliary tract malignancies, curative resection is essential for improving 10 long-term survival, but the curative resection rate remains unsatisfactory in many reports [1, 11 7-13] . Obstacles to curative resection are not only difficulty in making an accurate diagnosis 12 of tumor spread, but also difficulty in the choice of an appropriate operative procedure due to 13 the complicated anatomy of the hepatic hilum. We introduced 3DCT cholangiography to 14 facilitate the proper choice of operative procedure based on a precise understanding of the 15 hilar anatomy of individual patients. In this study, our series was reviewed, and its impact on 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 19
The multidirectional view of 3D cholangiography tells us the appropriate angle on 1 which the diagnostically important portion of the bile duct is evaluable without overlapping, 2 which in turn helps us perform complete 2D cholangiography using 3D cholangiography as a 3 reference image. In addition, IDUS, POCS, and histological assessment of bile duct biopsy 4 specimens are now practical for precise diagnosis of longitudinal tumor spread [1, 2] . 5
Projection of the examinations onto 3D cholangiography creates a 3D map of tumor spread, 6 which maximizes the usefulness of these fine examinations. 7 MRCP can noninvasively reconstruct 3D imaging of the biliary tract, which is likely 8 to be considered a competing imaging modality to 3DCT cholangiography [14, 15 ]. An 9 advantage of 3DCT cholangiography over MRCP is that it can provide all-in-one 3D fusion 10 images of all important structures in the hepatic hilum [16] . The fusion image makes it 11 possible to evaluate tumor spread in relation to anatomical landmarks such as the U point and 12
A point. This is particularly important for planning operative procedures, since the bile duct 13 cutting line is restricted by these landmarks. Agreement of the number of the orifices 14 appearing on the bile duct stump suggests that 3D fusion images correctly predict the actual 15 cutting line of the bile duct. The improvement in the rate of negative ductal margin on first 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 20 cutting after the introduction of 3DCT cholangiography may be partly attributable to selection 1 of the appropriate operative procedure. 2
Another benefit of 3D fusion images is recognition of anatomical variations. 3
Variations described in figure 6 are easily missed with 2D images or separated 3D images, but 4 they are readily recognized with all-in-one 3D fusion images. Preoperative recognition of 5 these variations is vital for performing operations smoothly and avoiding serious 6
complications. 7
Vascular invasion is frequent in biliary malignancies and is another important factor 8 affecting operative procedures [17] . With all-in-one fusion images, surgeons can easily 9 recognize vessels to be preserved in the planned operations and the distance between the 10 vessels and the tumor. The 3D images objectively demonstrate suspicious portions of vascular 11 invasion and prepare us to be ready for reconstruction during the operation. Indeed, the 12 necessity for vascular reconstruction was predictable in all but two cases in the present series. 13
In addition, the all-in-one 3D images provide planning of vascular reconstruction that is easily 14 understandable even for less experienced surgeons. 15
Endo has already reported the usefulness of 3DCT cholangiography [9] . The 16 uniqueness of the present study was that CO 2 was used preferentially as the contrast material. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   21 The reason for preferential use of CO 2 is that CO 2 behaves as a negative contrast medium. A 1 negatively-enhanced bile duct can be easily separated from positively-enhanced vessels, 2 which enables 3D reconstruction of both the hepatic artery and the bile duct on the basis of 3 the arterial phase and, thereby, avoids slice gaps between multiple phases caused by 4 inconsistent breath-holding. Another advantage of CO 2 over a radiopaque agent may be the 5 low incidence of cholangitis. Only one patient in the present series and no patients in the 6 previous study by Sugimoto et al. suffered from cholangitis [6] . These incidences of 7 cholangitis were relatively lower than that of previous reports in which radiopaque agent were 8 used as contrast medium [18, 19] . The reason for the low incidence of cholangitis may be 9 because CO 2 leaks even through severe strictures, which prevents excessive elevation of 10 intraductal pressure during injection. 11
However, 3DCT cholangiography has several limitations. First, 3DCT 12 cholangiography is not an alternative to other diagnostic examinations such as IDUS, POCS, 13 and 2D cholangiography. The resolution of 3D images is restricted by, and therefore cannot be 14 superior to, that of the original CT images. Sensitivity of 3D cholangiography for subtle 15 changes or irregularities on the bile duct mucosa should not be as high as that of 2D 16 cholangiography. We would like to emphasize that 3DCT cholangiography is useful not for 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 22 fine diagnosis of tumor extension but as a reference image for the other diagnostic modalities 1 and appropriate operative planning based on precise understanding of biliary anatomy. Second, 2 the quality of images is somewhat dependent on experience, because CT cholangiography is 3 not a real-time fluoroscopic examination. The choice and the volume of contrast material 4 (either CO 2 or radiopaque agent) to be injected should be adjusted according to the severity of 5 the stricture. 6
In conclusion, 3D cholangiography and all-in-one 3D fusion images of the hepatic 7 hilum provide accurate information about hilar anatomy and play a role in adequate operative 8 planning. They also facilitate precise implementation of the planned surgery. We hope this 9 technique will become widespread and improve the prognosis of patients with biliary 10 malignancies by refining the complicated operations required for these intractable diseases. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62 distant metastases (liver metastases in 2 patients and supraclavicular lymph node metastases 7 in 1 patient); 10 patients had excessive tumor spread (longitudinal in 6 patients and vertical in 8 4 patients); 5 patients had insufficient remnant liver volume; 2 patients refused surgical 9 treatment; and 1 patient died of primary disease prior to surgery. Sixty-six patients underwent 10 laparotomy. Resection was abandoned after laparotomy in 10 patients, because of distant 11 metastases in 7 patients (peritoneal dissemination in 4 patients, para-aortic lymph node 12 metastases in 2 patients and liver metastases in 1 patient) and vertical tumor invasion to the 13 duodenum in 3 patients. Fifty-six patients underwent resection with curative intent. Of these 14 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 The protocol for 3-dimensional computed tomography cholangiography with carbon dioxide 7 as the contrast medium for the bile duct (a) and with iodine as contrast medium for the bile 8 duct (b). 9
All imaging was performed using a 64-multi-row detector computed tomography scanner 10 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 29 Using a bolus tracking system (Sure Start, Toshiba Medical Systems) with a trigger of the 1 aorta reaching 120 HU, a four-phase scan was obtained, with unenhanced, first phase (5 2 seconds after the trigger), second phase (20 seconds after the trigger), and third phase (50 3 seconds after the trigger) images. 4 5
Figure 3 6
Estimation of the bile duct cutting line by 3D fusion image of the bile duct and the portal vein 7
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